Freshwater red algae of the order Batrachospermales are poorly studied in India and Nepal, especially on a molecular basis. During a survey in northeast India and east Nepal, six populations of the genus Sheathia were found and analyzed using molecular and morphological evidence. Phylogenetic analyses based on the rbcL gene sequences grouped all populations in a large clade including our S. arcuata specimens and others from several regions. Sheathia arcuata represents a species complex with a high sequence divergence and several smaller clades. Samples from India and Nepal were grouped in three distinct clades with high support and representing new cryptic species: a clade formed by two samples from India, which was named Sheathia assamica sp. nov.; one sample from India and one from Nepal formed another clade, named Sheathia indonepalensis sp. nov.; two samples from Nepal grouped with sequences from Hawaii and Indonesia (only 'Chantransia' stages) and gametophytes from Taiwan, named Sheathia dispersa sp. nov. Morphological characters of the specimens from these three species overlap one another and with the general circumscription of S. arcuata, which lacks the heterocortication (presence of bulbous cells in the cortical filaments) present in other species of the genus Sheathia. Although the region sampled is relatively restricted, the genetic diversity among specimens of these three groups was high and not closely related in the phylogenetic relationship with the other clades of S. arcuata. These data corroborate information from other groups of organisms (e.g., land and aquatic plants) that indicates this region (Eastern Himalaya) as a hotspot of biodiversity.
INTRODUCTION
Members of the freshwater red algal order Batrachospermales are distinguished from those in the closely related Thoreales by having uniaxial rather than multiaxial gametophytes (Müller et al. 2002 , Entwisle et al. 2009 ).
The current characterization of the order is based on the following combination of characters (Pueschel and Cole 1982 , Garbary and Gabrielson 1990 , Kumano 2002 , Entwisle et al. 2009 ): (1) thalli heterotrichous, uniaxial, pal. Balakrishnan and Chaugule (1980) reported Sheathia boryana (Sirodot) Salomaki and Vis (as Batrachospermum ectocarpum Sirodot) with a detailed morphological description for specimens collected in South India . In Nepal, the only record of a member of Batrachospermales is by Shrestha and Manandhar (1983) who listed B. gelatinosum (Linnaeus) De Candolle (as B. moniliforme Roth) from the Kathmandu valley.
In February 2018, we explored northeast India and east Nepal for members of the freshwater red algal order Batrachospermales in order to document the diversity in poorly collected areas of a biodiversity hotspot designated Eastern Himalaya (WWF-US, Asia Program 2005, Allen et al. 2010), a collection trip was conducted searching particularly for members of the freshwater red algal order Batrachospermales in some regions of northeast India and east Nepal. The most representative group observed was the genus Sheathia with six populations collected in those areas that were analyzed for DNA sequence and morphological data.
MATERIALS AND METHODS
Sheathia specimens were collected in six locations, three in northeast India and three in east Nepal (Table  1) . These areas are within a biodiversity hotspot known as the Eastern Himalaya Biodiversity Hotspot (WWF-US, Asia Program 2005, Allen et al. 2010) . The region comprises the lowlands of western Nepal and the montane regions of central and eastern Nepal; the state of Sikkim, the northern extent of West Bengal in India including Darjeeling District; Bhutan in its entirety; and the northeastern Indian states of Assam, Arunachal Pradesh, Manipur, Mizoram, Tripura, Meghalaya and Nagaland (Allen et al. 2010) . Our collections were conducted in the regions of the northeastern Indian State of Assam and eastern Nepal.
Specimens for morphological studies were preserved in 4% formaldehyde, and voucher specimens were lodged at Herbarium SJRP (Thiers 2019) . Specimens for DNA analysis were blotted dry with tissue and preserved in silica desiccant.
Morphological analyses were carried out for all characters previously determined to be diagnostic in relevant studies of the genus (Kumano 2002 , Vis et al. 2010 , Salomaki et al. 2014 . For morphometric variables, 20 measurements or counts were taken for each character in each sample (Necchi and Zucchi 1997) . Photomicrographs were taken with a Leica DFC 320 digital camera gelatinous, or cartilaginous; (2) axial cells bearing determinant lateral assimilatory filaments; (3) pit plugs with two cap layers, with an expanded dome-shaped outer layer; tetraspores lacking, meiosis in diploid vegetative cells giving rise to haploid axes by somatic meiosis; (4) multiple discoid chloroplasts lacking pyrenoids; (5) exclusively freshwater distribution. A comprehensive phylogenetic study (Entwisle et al. 2009 ) of the order recognized a single family (Batrachospermaceae) with several genera, with the genus paraphyletic genus Batrachospermum being the most diverse. Investigations focusing on the infrageneric taxa of the genus have been conducted to correct the paraphyly of Batrachospermum. As a consequence, several sections have been raised to the genus level: Kumanoa (former sections Contorta and Hybrida) (Entwisle et al. 2009 ), Sheathia (former section Helminthoidea) (Salomaki et al. 2014) , Torularia (= Atrophycus, former section Setacea) (Rossignolo and Necchi 2016) , Virescentia (formerly a section with the same name), Acarposporophycos (former section Acarposporophytum) and Visia (former section Aristata) (Necchi et al. 2019a) , Montagnia (Necchi et al. 2019b ).
The genus Sheathia was proposed as taxonomically separate based on DNA sequences of the RuBisCO largesubunit gene (rbcL) gene, the mitochondrial encoded cytochrome c oxidase subunit 1 (COI-5P) barcode region and the rDNA internal transcribed spacer 1 and 2 (Salomaki et al. 2014) . Morphology also provided good taxonomic evidence to separate the genus, particularly the almost ubiquitous presence of heterocortication (i.e., the presence of both cylindrical and bulbous cells in the cortical filaments covering the main axis). This synapomorphy is evident for all species in the genus, except Sheathia arcuata (Kylin) Salomaki et Vis. Salomaki et al. (2014) recognized ten species within the genus with molecular data reported for eight species. Guiry and Guiry (2019) listed 13 currently accepted species as taxonomically valid. Most species in the genus have relatively little variation in DNA sequences for those three markers used by Salomaki et al. (2014) but S. arcuata is an exception. Molecular sequence data indicated higher genetic diversity than is recognized within a single species (e.g., >6% variation in rbcL sequences in contrast to roughly <2% in other species).
On the other hand, no morphological character was evident and a wide plasticity has been reported within this species (Vis et al. 2010) . These data suggest cryptic speciation in S. arcuata, with the taxon consisting of a complex involving several species.
Sheathia has been poorly documented in India and Ne-
RESULTS

Molecular analyses
The rbcL gene sequences of the samples from India and Nepal were compared with 48 previously published sequences of Sheathia obtained from GenBank (Fig. 1 ). BA and ML analyses of the rbcL alignment yielded similar trees, showing strong support for most species presently recognized within the genus Sheathia and particularly for the clades including our sequences from India and Nepal (Fig. 1) . Our samples were all grouped within the large clade named S. arcuata, which actually represents several species and is named the S. arcuata complex. Sequences from India and Nepal were spread in three distinct clades, all representing new species. A first and basal clade was formed by two samples from India (sites 2 and 3), which was sister to another clade with one sequence from New Zealand and one from United States (Fig. 1 ). The level of divergence between the two latter sequences (1.6%) indicates that they are two separate species. Sequence divergence among the two Indian samples was 0.5%. The other sequences were positioned within a large clade with several species of the S. arcuata complex: (1) S. arcuata from Europe-this should be recognized as S. arcuata "stricto sensu" since the species was described from Europe (Sweden); (2) S. longipedicellata from China-sequences from China were described as different species but they all consist of a single species for which the oldest epithet was applied; (3) a clade with two sequences from Nepal (sites 1 and 2) and others from Hawaii and with a LAS capture and image analysis software coupled to a Leica DM 5000 microscope (Leica Microsystems, Wetzlar, Germany).
Principal component analysis (PCA) (Everitt and Dunn 2001) was applied to evaluate the relationship of morphometric variables among sampling sites. Analysis was performed with Minitab 10 Statistical Software (Minitab Inc., State College, PA, USA, http://www.minitab.com) from a standardized matrix using ranging for standardization and the Pearson correlation coefficient.
Protocols for DNA extraction, polymerase chain reaction (PCR) amplification, purification and sequencing are the same as those described in our previous studies: Rossignolo and Necchi (2016) , Necchi et al. (2019a Necchi et al. ( , 2019b . Two molecular markers were analyzed: the barcode region of the COI-5P, and the plastid-encoded rbcL. PCR reactions for COI-5P worked for only two out of the six samples and resulted in partial sequences. Thus, COI-5P marker was not included in the analyses.
For phylogenetic analyses of the rbcL sequence data, a GTR + I + G was determined as the best-fit model of sequence evolution by the Akaike Information Criterion using jModelTest 2.1.4 (Darriba et al. 2012) . Maximum likelihood (ML) topologies and bootstrap values from 10,000 replicates were inferred using RAxML graphic user interface ver. 1.5 (Silvestro and Michalak 2012) . Bayesian analysis (BA) was performed in MrBayes 3.2 (Ronquist and Huelsenbeck 2003) with three runs of five chains of Metropolis coupled Markov Chain Monte Carlo for 5 × 10 6 generations. The first 500,000 chains were removed as burn-in prior to determining the posterior probabilities. 
Morphological analyses
The morphological variability observed in the six populations from India and Nepal was similar to that previously observed in specimens of S. arcuata from other regions of the world evidencing a wide plasticity. Ranges for most morphometric characters observed within and among sampling sites encompass the morphometric values reported for S. arcuata complex (Table 2) . Some character ranges extended beyond the the upper limits reported previously: whorl diameter, fascicle cell number, internode length, carposporophyte and spermatangia diameter. We found the highest values for seven out of the 12 morphometric variables analyzed in one sample from Nepal (site 3). Fig. 3A-F) Description. Plants dioecious, irregularly branched. Male plants with separated and spherical whorls, female plants with confluent and barrel-shaped whorls, 374-870 µm in diameter. Primary fascicles straight, with curved distal ends, with 11-16 cell layers; proximal cells cylindrical or ellipsoidal, distal cells ellipsoid; secondary fascicles lacking. Internode 312-718 µm long. Cortication of the main axis with two or three layers of filaments, composed only of cylindrical cells, 4.8-10.3 µm in diameter. Spermatangia spherical, terminal on primary fascicles, 5.5-9.2 µm in diameter. Carpogonial branches composed of 3-9 cylindrical or ellipsoid cells, developing from the periaxial cells, proximal or middle cells of primary fascicles, rarely from carpogonial branches, 24.1-91.8 µm long; involucral filaments composed of 1-5 ellipsoidal or fusiform cells; carpogonia 20.5-30.5 µm long, with sessile, club-shaped or ellipsoidal trichogynes. Carposporophytes pedunculate, spherical or subspherical, contained within the whorls or exerted, 1-3 per whorl, small, 98.0-220.2 µm in diameter; gonimoblast filaments PCA revealed that the first two principal components accounted for 71.3% of the total variance in the data ( Table 2) . The most significant variables for component 1 were (Table 2, Fig. 2 ): carpogonial branch cell number, whorl diameter, carpogonium length, fascicle cell number, carpogonial branch length, and spermatangium and carposporophyte diameter. In contrast, for component 2 internode length, carposporangium diameter and length were the most influential variables. Carposporophyte number and cortical cell diameter were the least important morphometric variables.
One population (Nepal site 3) was positioned distantly from all others mostly due to the higher values of the seven most significantly variables for component 1 (Tables 2  & 3, Fig. 2) . The other two populations from Nepal (sites 1 and 2) were grouped together basically due to the higher values for internode length, carposporangium length and diameter (Tables 2 & 3, Fig. 2) . The three populations from India were grouped together and had intermediate values within the ranges for all morphometric variables.
Taxonomic proposals
The fact that phylogenetic analyses revealed that rbcL sequences from India and Nepal formed three clades with high support and with divergence levels in each Eigenvalues and loadings for morphometric variables are listed in Table 2 . Sample codes as in Table 1 . is not conclusive, mostly due to the imprecise descriptions provided. Several species of Sheathia could be fitted within the description by those authors. The finding of two new species occurring only in the region surveryed suggests high species endemism. Genetic diversity was high, as well as the fact that in the phylogenetic analysis sequences of one species (S. assamica sp. nov.) revealed a distant relationship from the other two species here described but close to samples from New Zealand and United States. In addition, we found species with restricted distribution (S. assamica), as well as species with a broad range of distribution (S. dispersa). This set of information indicates a high diversity of the genus Sheathia in northeast India and east Nepal. Such high diversity is somewhat expected since the regions sampled are part of a biodiversity hotspot called the Eastern Himalaya Biodiversity Hotspot (Allen et al. 2010) . Land plant endemism (more than 1,500 endemic species) and very speciose groups of organisms, (more than 25% of known species of aquatic plants) have been documented in the region (WWF-US, Asia Program 2005, Allen et al. 2010) The high diversity found in the genus Sheathia corroborates the Eastern Himalaya as a hotspot of biodiversity.
